Translocator protein (18 kDa; TSPO) is a mitochondrial cholesterol-and drug-binding protein involved in cholesterol import into mitochondria, the rate-limiting step in steroidogenesis. TSPO is expressed at high levels in Leydig cells of the testis, and its expression levels dictate the ability of the cells to form androgen. In search of mechanisms that regulate Tspo expression, a number of transcription factors acting on its promoter region have been identified. We report herein the presence of a mechanism of regulation of Tspo expression via complementation with a natural antisense transcript (NAT). At the Tspo locus, a short interspersed repetitive element (SINE) of the SINE B2 family has the potential for high transcriptional activity. The extension of the SINE B2 element-mediated transcript overlapped with exon 3 of the Tspo gene and formed a NAT specific for Tspo (Tspo-NAT) in MA-10 mouse tumor Leydig cells. The identified Tspo-NAT was also found in testis and kidney tissues. Overexpression of the Tspo-NAT regulated Tspo gene expression and its function in steroid formation in MA-10 cells. Time-course studies have indicated that Tspo-NAT expression is regulated by cAMP and could regulate TSPO levels to maintain optimal steroid production by MA-10 Leydig cells. Taken together, these results suggest a new micro-transcriptional mechanism that regulates Tspo expression and thus steroidogenesis via an intronbased SINE B2-driven NAT specific for the Tspo gene.
INTRODUCTION
Translocator protein (18 kDa; TSPO) is a nuclear-encoded mitochondrial cholesterol-and drug-binding protein involved in cholesterol transport into mitochondria, the rate-limiting step in steroid biosynthesis, as well as other mitochondrial and cellular functions [1] . Up-regulation of the Tspo gene has been observed in testis, adrenal gland, and other steroidogenic tissues, as well as in various pathological conditions, such as cancer and endocrine and neurological diseases [2] [3] [4] [5] . Current studies have focused on transcriptional regulation of Tspo by factors acting on its promoter region as well as its genomic modifications [3, 6, 7] . Although transcription factors, such as specificity protein 1/specificity protein 3 (Sp1/Sp3), the v-ets erythroblastosis virus E26 oncogene homologue (Ets), and activator protein 1 (AP1), have been studied in detail in this context, the regulation of altered Tspo expression under various conditions remains elusive. Indeed, multiple levels of transcriptional control might be applied simultaneously, especially the nontranscription factor-mediated gene regulation of natural antisense transcripts (NATs), also known as endogenous antisense transcripts, which are usually the transcripts encoded by the opposite DNA strand at the same genomic locus as the sense strand. Interestingly, the B2 family of short interspersed repetitive elements (SINE B2 family) was introduced into mouse Tspo intron 3 prior to the divergence of rodent and primate lineages [8] . However, the function of the element is unknown.
Previous studies have indicated that SINE B2 elements account for 7.7% of the total retrotransposon transcriptional start sites (TSSs) and 5% of the NCBI reference sequences containing 3 0 -untranslated regions [9] . The mouse SINE B2 sequence contains a mobile RNA polymerase (pol) II promoter, which has been shown to drive a short antisense transcript at the Lama3 locus. The antisense transcript of SINE B2 has been shown to function in repressive chromatin modifications at the growth hormone (Gh) gene locus [10, 11] . However, there are no reports about whether the pol II promoter of SINE B2 is capable of driving the expression of long transcripts from any other genes.
In general, NATs have been proposed to possess a functional role in gene regulation, including genomic imprinting, X chromosome inactivation, RNA masking, and affecting DNA methylation [12] [13] [14] [15] [16] . The effects of NATs are likely due to either the inhibition of gene transcription, via transcriptional collision or RNA-DNA interactions, and/or blocking gene stability/translation, via cytoplasmic RNA duplex formation, formation of endogenous siRNAs, or even both [13] . Several Web-based, searchable NAT databases have been established [17] [18] [19] [20] . The most data available from the sense and antisense pair transcripts in the databases are represented by pol (A)-containing transcripts. Non-poly (A) and smaller transcripts, which are largely overlooked, are actually the features of the NATs confirmed by strand-specific oligo-microarray [21] . In the mouse genome, about 15% of loci encode sense-antisense transcripts [22] . None of these reports, however, has identified the presence of SINE B2-mediated long antisense transcripts.
The data presented herein provide for the first time evidence that a SINE B2 element drives expression of a long transcript at the Tspo locus that functions as an NAT to the target gene. Formation of this Tspo-NAT results in inhibition of Tspo gene transcription, TSPO protein expression, and reduced steroid production by MA-10 Leydig cells. Considering the fact that SINE B2 elements are present throughout the mouse genome [23, 24] , it is likely that this novel mechanism is not restricted to the regulation of Tspo expression but may represent a general mechanism of transcriptional regulation of gene expression.
MATERIALS AND METHODS

Strand-Specific RT-PCR of Tspo-NAT and Sequencing Analysis
Total RNA was isolated with Trizol reagent (Invitrogen) from MA-10 Leydig cells and from mouse testis and kidney tissues. The values of 260/280 ratio and 260/230 ratio were 1.8-2.0 and 2.0-2.2, respectively, were determined by NanoDrop spectrophotometer (NanoDrop) and deemed acceptable for further analysis. All RNA samples were treated with DNAfree DNase treatment and removal reagent (Ambion) before cDNA synthesis. RNA was subsequently diluted into 100 ng/ll using DNase/RNase-free water, and then first-strand cDNA was synthesized by using the SuperScript FirstStrand Synthesis System for RT-PCR (Invitrogen) with the strand-specific primer Exon34-F (Table 1) . Subsequent PCR amplification was performed as follows: 30 cycles of 948C for 1 min, 558C for 1 min, and 728C for 1 min, using 2 ll of cDNA and gene-specific primer pairs (Table 1) . Primary PCR experiments were performed using Exon34-F/mTspo1-SINEB-R primers, followed by nested PCR using Exon3-Nest-F/SINEB-Nest-R primers. PCR products were sequenced using the ABI 3700 sequencer (Applied Biosystems).
Cell Culture and Plasmid Preparation
MA-10 mouse Leydig tumor cells, a gift from Dr. M. Ascoli (University of Iowa), were maintained in Dulbecco modified Eagle medium/Ham F-12 medium supplemented with 5% heat-inactivated fetal bovine serum and 2.5% horse serum at 378C and 5% CO 2 . Tspo-EAS and Tspo-ES were cloned into the mammalian expression vector pcDNA3.1/Hygro (þ) via flanking NheI and XhoI restriction enzyme sites generated from the primer pairs Exon3-71bpR (NheI)/Exon34-F (XhoI) and Exon3-71bprR (NheI)/Exon34-rF (XhoI) used for PCR amplification (Table 1) , to generate pCMV-exon3-S (ES) and pCMVexon3-As (EAS).
Establishment of Stable MA-10 Cell Lines for Tspo-ES and -EAS Overexpression Studies
To prepare stable cell lines overexpressing Tspo-ES and -EAS, the plasmids ES and EAS were transfected into MA-10 cells using Lipofectamine 2000 (Invitrogen). Expression of ES and EAS was monitored by RT-PCR using the primers Exon3-71bpR (NheI)/BGHR reverse and Exon3-71bprR (NheI)/BGHR reverse, respectively (Table 1) . Cells were incubated for 3-4 wk in medium containing 300 lg/ml hygromycin to select for stable clones, which were isolated and expanded in the same culture medium. Stable clones incorporating the parental pcDNA3.1/Hygro (þ) vector alone were isolated in an identical fashion and used as a negative control.
Real-Time PCR
Primers for Tspo-NAT, Tspo, mTubulin, mHprt (hypoxanthine-guanine phosphoribosyltransferase), and 18S ribosomal RNA were designed for the purpose of flanking two exons using Integrated DNA Technologies (IDT)-Primerquest (http://www.idtdna.com/Scitools/Applications/Primerquest) ( Table  1) . Real-time PCR was performed on the LightCycler 480 System (Roche) in 20-ll reactions using 96-well microwell plates. Reaction mixtures, which included 2 ll of a 1:5 dilution of first-strand cDNA, 10 ll LightCycler 480 SYBR Green 1 Master (Roche), and each primer at a final concentration of 250 nM, were added to each microwell. Reactions were cycled at 958C for 1 min, followed by 45 cycles of 958C for 10 sec, 608C for 10 sec, and 728C for 10 sec, with a ramp rate of 4.48C/sec, 2.28C/sec, and 4.48C/sec, respectively. All PCR reactions were performed in triplicate, and results were analyzed using LightCycler 480 software (release 1.5.9; Roche). Fold change in the expression of each gene was calculated using the delta delta CT method and the reference genes tubulin (Tub), Hprt, and/ or Rn18s (18S ribosomal RNA), where threshold cycle (Ct) values in the range of 25-30 were used for the calculation. Values were also validated using the relative standard curve method, where the pooled cDNAs from different cell lines were used as the standard template according to the procedure recommended in User Bulletin #2 (Applied Biosystems). 
FAN AND PAPADOPOULOS
Preparation of SINE B2-Specific NAT cDNAs, NextGeneration Sequencing, and Chromosome Mapping RNAs were extracted from MA-10 cells and used for a 3 0 -end RNA adaptor-specific cDNA synthesis (Table 1) . SINE B2-specific and adaptorspecific oligos were used to amplify the newly synthesized cDNAs to generate SINE B2-specific amplicons. All PCR amplicons were subjected to highthroughput sequencing using a Roche 454 FLX Titanium sequencer at the McGill University and Genome Quebec Innovation Centre. The sequences from the 454 sequencing were uploaded to the Galaxy server (http://main.g2. bx.psu.edu) for further analysis. In brief, the 454 sequences were size selected to give a subset of sequences with sizes over 130 bp. The sub-dataset was used Table 1 . D) PCR amplification of the FAN AND PAPADOPOULOS for next-generation sequence mapping via Lastz, with a parameter setting of 95% coverage and 95% identity. The results were further analyzed using the UCSC Genome Browser (http://genome.ucsc.edu) with a custom track.
Primer Extension (Toe Printing Assay) and Small RNA Northern Blot Hybridization Primer extension, or toe printing assay, was performed using a 5 0 -DIGlabeled oligonucleotide probe and the SuperScript III First-Strand Synthesis System (Invitrogen) following the manufacturer's instructions. Briefly, 2.5 lg of total MA-10 cell RNAs were used for the first strand of cDNA synthesis by 5 0 -DIG-labeled oligonucleotide primer at 558, 588, 618, and 638C. Reactions without total RNA or without RT and different concentrations of total RNAs were used as negative controls. The final extension products were separated by electrophoresis on a 15% denaturing TBE-urea polyacrylamide gel (Invitrogen). Secondary structures of SINE B2-related transcripts were predicted using minimum free energy structure and base-pair probabilities (RNAfold web server, see http://rna.tbi.univie.ac.at) as well as RNAshapes at BiBiServ [25, 26] .
For small RNA Northern blot hybridization, a total RNA of 6 lg per lane was separated by electrophoresis in 6% denaturing TBE-Urea polyacrylamide gel. RNAs were electrophoretically transferred to positively charged nylon membranes (Roche) in 0.53 TBE running buffer at 30 V constant for 1 h. RNAs were crosslinked to the membrane by UV irradiation in a GS gene linker UV chamber (150 mJoule -C3; BioRad). The 5 0 -DIG-labeled oligonucleotide probe was synthesized by IDT. The 3 0 -end DIG-labeled 5S rRNA oligonucleotide probe was synthesized by adding a longer nucleotide tail incorporated with DIG-ddUTPs enzymatically (DIG oligonucleotide tailing kit, second generation; Roche), and B2-S and B2-AS RNA probes were synthesized by runoff transcription from the plasmid pcDNA3-SINE B2-S and pcDNA3-SINE B2-AS digested with XhoI using digoxigenin-UTP with T7 RNA polymerase (DIG RNA Labeling Kit [SP6/T7]; Roche). The plasmids pcDNA3-SINE B2-S and pcDNA3-SINE B2-AS were constructed through the insertion of a SINE B2-S or -AS fragment, respectively, between the NheI and XhoI restriction sites of the pcDNA 3.1 vector. Hybridization and washing conditions with each of the DIG-labeled probes used were according to the manufacturer's instructions (DIG High Prime DNA Labeling and Detection Starter Kit II; Roche). In brief, the hybridization temperature was 428C for overnight incubation. The most stringent wash was in 23 SSC (0.15 M sodium chloride and 0.015 M sodium citrate) with 0.1% SDS at room temperature, which was done twice for 5 min each at room temperature. The following two wash steps were in 0.23 SSC with 0.1% SDS for 15 min each at 658C. RNA labeled with DIG (RNA Molecular Weight Marker III; Roche) was used as a molecular weight marker.
Protein Quantification and Immunoblot Analysis
Protein was extracted from cells with 250 ll M-PER Mammalian Protein Extraction Reagent (Pierce). Samples were centrifuged at 14 000 3 g for 10 min to pellet cellular debris, and the protein concentration in each supernatant was quantified using the Bradford method, with bovine serum albumin as the standard. An equal amount of protein (10 lg each) was mixed with sample buffer (Tris-HCl at a final concentration of 240 mM [pH 6.8], 8% SDS, 80% glycerol, 0.1% bromophenol blue, and 2 mM dithiothreitol) and subjected to SDS-PAGE using a 4%-20% gradient gel (Invitrogen). Separated proteins were electrotransferred to nitrocellulose membranes, which were then blocked in 5% fat-free milk overnight, cut into two pieces to set the protein of interest apart from the loading control protein on the same lanes, and incubated with primary antibody specific for either TSPO (1:1000) [27] or glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:5000; Trevigen, Inc.). Blots were then incubated with horseradish peroxidase-conjugated secondary antisera (1:5000) and developed with enhanced chemiluminescence (Amersham Biosciences). Densitometric analysis of the immunoreactive protein bands was performed using the ImageQuant analysis software (Molecular Dynamics).
Steroidogenesis in Stable Tspo-ES and -EAS MA-10 Cells
Cells were plated at 0.3 3 10 6 cells per well into six-well plates overnight, washed with serum-free medium, and left untreated or treated for 2 h with 1 mM dibutyryl-cyclic adenosine monophosphate (dbcAMP) in the presence or absence of 20 lM of the hydrosoluble cholesterol analog 22R-hydroxycholesterol. Culture media were collected, and progesterone production was measured by radioimmunoassay (RIA) using antiprogesterone antisera (MP Biomedicals) and [1,2,6,7- 3 H] progesterone (specific activity 94.1 Ci/mmol; PerkinElmer Life Sciences) following the conditions recommended by the manufacturer as well as previously described [28] . The antiprogesterone antiserum was used at 1:1000 dilution after renaturation of the powder supplied by the provider. The intra-and interassay coefficients of variation were 4.3% and 6.7%, respectively. Progesterone production was normalized to the amount of protein in each well. RIA data were analyzed using Prism V. 5.0 (GraphPad).
Regulation of Tspo-NAT Expression by cAMP
A time course of dbcAMP (1 mM) treatment of MA-10 cells was performed, and total RNA samples were collected at 0, 2, 6, and 10 h. Each treatment was repeated three times independently. Synthesis of cDNA and realtime PCR were performed as shown above. The dynamic expression of Tspo and Tspo-NAT were measured accordingly. In addition, TSPO levels at various time points were determined by immunoblot analysis using HPRT as loading control. The mRNA of the hormone and cAMP-induced steroidogenic acute regulatory protein (Star) was used as a marker for the dbcAMP treatment [29] .
Statistical Analysis
Statistical analysis was performed using the Student t-test (Prism V.5.0).
RESULTS
SINE B2 Elements Reside at the Tspo and Mitochondrial Malonyl Coa:ACP Acyltransferase (Mcat) Loci
Short and long interspersed repetitive elements (SINEs and LINEs, respectively) account for 36% of the mouse genome [30] . Specifically, SINE B2 repeats are found throughout the mouse genome and are primarily regarded as retrotransposonderived pseudogenes of the tRNA gene that are uniquely transcribed on both DNA strands by RNA pols II and III [31] . These repeats have a remarkable structure and are composed of a tRNA-derived head (containing A and B boxes), body (tRNA-unrelated region), and tail (LINE-derived AT-rich region; Fig. 1A ). Since Alu-like B2 sequences reside in intron 3 of the human TSPO gene [8] , we analyzed the loci of mouse Tspo and its upstream neighboring gene, Mcat, for the presence of SINEs. We identified seven SINE B2 elements within the Tspo locus, five of which possess the complete B2 structure, and two of which contain only a 3 0 -tail or 5 0 -head (Fig. 1 , B and C). One complete and one partial SINE B2 element were found in intron 1 of the Mcat gene (Fig. 1B) .
SINE B2 Elements Drive the Expression of a Long Transcript at the Tspo Locus
SINE B2 elements within the murine growth hormone locus possess bidirectional promoter activity, which generates a pair of short SINE B2 double-stranded RNAs containing overlapping pol II-and pol III-driven transcripts [11] . Considering that SINE B2 contains a pol II promoter sequence, we compared the seven Tspo-SINE B2 elements with previously defined lama-B2 and tRNA consensus sequences. Nucleotide sequence alignment of these Tspo-SINE B2 elements with the consensus B2 element, a previously published Lama3-B2 element, and a B2 element from Mcat revealed that all SINE B2 elements share highly conserved A and B boxes, part of the primary head component of the B2 SINE B2-MEDIATED NAT REGULATES Tspo TRANSCRIPTION element ( Fig. 2A) . Their tail domains contain a conserved TATA box, which is thought to drive pol II-mediated transcription (Fig. 2B) , a TSS, and a putative E box-like sequence TCAGAC, which has previously been shown to bind the transcription factor upstream stimulatory factor 1 (USF 1) and up-regulate expression of pol II-dependent transcripts [10] . Interestingly, Tspo-SINE B2-1 resides on the opposite strand of the Tspo coding sequence and is positioned near Tspo intron 3. This has the potential to drive transcription of a NAT specific for the Tspo gene, since the potential transcript may overlap with exon 3 (Fig. 2C) . In addition, two main potential transcription factor binding sites were also found in this region (Supplemental Fig. S1 , all Supplemental Data are available online at www. biolreprod.org), indicating that this region is important for FAN AND PAPADOPOULOS transcriptional regulation. This speculation was confirmed by strand-specific RT-PCR experiments (Fig. 2, D and E) , in which a Tspo-SINE B2-1 specific primer, mTSPO1-SINEB-R, was used to generate the first strand cDNAs, followed by primary and nested PCR amplification using the oligonucleotides listed in Table 1 . The identified NAT for Tspo was present not only in MA-10 cells but also in testis and kidney tissues (Fig. 2E) . Our results may also explain our in situ hybridization data using the 0 -end sequences of the Tspo-NAT by primer extension. A) Primer extension was performed for 50 min at 558, 588, 618, and 638C. The size, 257 bp, expected from the putative TATA box to the initial site of transcription is highlighted as the first asterisk. No RNA load (0) and no RT reactions (-RT) as controls (B) are also indicated. The background signal observed in every lane is due to the carryover during the oligo-DIG labeling. M, DIG-labeled DNA molecular weight marker; 0, 2.5, 1.3, and 0.6 lg, the amount of total RNA used for primer extension reaction. C) Secondary structure of the 5 0 -end of Tspo-NAT and potential products from primer extension as shown in A. Stable stem-loop structure of the Tspo-NAT and its relationship with potential 5 0 -ends of the Tspo-transcripts are indicated on the right. Triangles represent the RT enzyme complex, which is off the track once it meets the dsRNA structure. The dotted line represents the direction of the cDNA synthesis, and the bold dark line represents each cDNA product. 0 -end DIG-labeled Tspo-NAT-specific oligonucleotide probe. Normalization of the quantification of two independent sample RNAs: vector alone, B2-AS-overexpression, and B2-S-overexpression. Intensity surface plots for each gel band obtained from two independent experiments are shown below the gel band intensity bar graph (means 6 SD; *P , 0.05). The densitometry analysis was performed as FAN AND PAPADOPOULOS 8 Article 147
Tspo open reading frame as antisense or sense probes, where the RNA hybridization signal was even stronger in the control samples than that of the experimental samples (Supplemental Fig. S2 ). Furthermore, nucleotide sequencing using SINE B2-specific and exon 3-specific primers demonstrated that these PCR amplicons were intron-exon joint transcripts ( Fig. 2F and Supplemental Fig. S3 ), confirming that this NAT spans intron 3 and exon 3. In the case of the Tspo-SINE B2-1 element residing within intron 3 of Tspo, the NAT targeting exon 3 might be driven by its pol II promoter activity (Fig. 1) .
Evidence of Presence of Tspo-NAT Using High-Throughput 454 Sequencing of the SINE B2-Mediated NATs
To determine whether the SINE B2-mediated NATs are widely present in MA-10 cells, as well as to provide another line of evidence for the presence of the Tspo-NAT, we performed a high-throughput 454 sequencing of the Tspo-B2-AS-specific transcripts in MA-10 cells. The data indicated that about 8650 sequences were mapped onto the mouse chromosome 15 as shown in the UCSC Genome Browser (http:// genome.ucsc.edu) with a custom track (Fig. 3A) . The chromosome position of the SINE B2 elements is shown in Figure 3B , where it is shown that the Tspo-NAT is located between the Tspo exons 3 and 4. The Tspo-NAT locus was further identified at the intron 3 of Tspo gene as indicated in Figure 3C . The size of Tspo-NAT is 489 bp, leaving a small gap of 56 bp to extend before overlapping with exon 3. This result is most likely due to technical limitations of the 454 sequencing, although the presence of dominant transcripts of Tspo-NAT with the identified size cannot be excluded. This partial Tspo-NAT sequence, confirming the data shown in Figures 2, D-F, and 3 , B and C, is presented in the Supplemental data section of the manuscript.
Characterization of the Tspo-NAT Transcripts from Primer Extension Assay and Small RNA Northern Blot Hybridization
To test where the Tspo-NAT starts within the SINE B2 element, we performed a primer extension assay, also known as a toe printing assay, to locate the TSS of the Tspo-NAT. Primer extension analysis showed that three potential transcripts were generated, the longest of which corresponds to the expected size, 257 bp, which is calculated from the primer annealing site to the putative TATA box [10] (Fig. 4A) . The three transcripts were not seen in control experiments in the absence of RTase, in which either no RNA or the same amount of total RNA was applied (Fig. 4, A and B) . Since a primer extension assay can be used to decipher either the TSS or elements of the RNA structure, such as RNA-RNA interactions, we have predicted the secondary structure of the B2-corresponding portion of the Tspo-NAT as well as its corresponding sense strand (Fig. 4C) . Surprisingly, we found that the B2-AS transcript forms a stable stem-loop structure, which suggests that the stability of the B2-AS transcripts may be challenged by the double-stranded RNA-mediated degradation, a self-suicide mechanism, whereas the B2-S transcript forms a cloverleaf-like structure (Supplemental Fig. S4 ). Nevertheless, this stable stem-loop structure supports our observation in the primer extension assay, where the three transcripts were generated because of the secondary structure of the 5 0 -end of Tspo-NAT (Fig. 4C) . Further detailed studies are warranted to further elucidate the mechanisms involved.
To further characterize the Tspo-NAT and its related transcripts at the locus of the Tspo gene, we performed small RNA Northern blot hybridization using nonradioactive DIGlabeled oligonucleotide or RNA probes (Fig. 5) . The results obtained using the DIG-labeled oligonucleotide probe (Fig.  5A) showed that Tspo-NAT, the Tspo-intron-containing fragment, has a dominant size around 483 bp, which is consistent with the data from our 454 sequencing. In addition, we see a lower molecular weight (MW) fragment of about 60 bp related to Tspo-NAT. This band is less prominent in cells overexpressing B2-AS compared to control, whereas in the same samples high MW fragments, over 1 kb in size, accumulate (Fig. 5A) . In contrast, when the B2-AS RNA probe was used, the lower MW (less than 200 bp) bands related to B2-AS, were increased, as can be seen in the lane with the sample from cells overexpressing B2-AS (Fig. 5B) ; under the same conditions the high MW transcripts, around 1 kb in size, were reduced compared to control (vector) and B2-S overexpressing cells (Fig. 5B) . Significantly smaller bands most likely represent degraded fragments from the Tspo-NAT, whereas the larger fragments above 575 bp in the vector and B2-S lanes are apparently degraded in comparison with that in the B2-AS lane, where we believe that the overexpression of B2-AS could competitively consume the dsRNA-specific nuclease (Fig. 5A) . The negative correlation with the overexpression of B2-AS, but not B2-S, also indicates that only B2-AS is involved in the RNA degradation machinery, and the increased high MW signals may represent the accumulation of Tspo-NAT stimulated by overexpression of B2-AS. In the small RNA hybridization using B2-S and B2-AS RNA probes, the hybridization patterns obtained were, in general, similar to those observed using the oligo probe, but all hybridizations should have included the Tspo B2 or similar B2 base elements; whereas the B2-AS seems to be involved in a self-suicide mechanism in which it is degraded into smaller pieces, as seen in the gel (Fig. 5B) . The high MW fragments in the B2-AS overexpressing cells were degraded far more than those in the control and B2-S overexpressing cells, suggesting that B2-AS overexpression could induce RNA degradation. This finding is consistent with a competitive consuming of the dsRNA-specific nuclease between the B2-and Tspo-NAT sequences in cells where B2-AS was overexpressed, leading to the accumulation of high MW RNA fragments with less degradation of Tspo-NAT (Fig. 5A) . In contrast, the hybridization patterns obtained using the B2-AS RNA probe demonstrates the original size of SINE B2 elements as well as the overexpression of B2-S indicated by the 172-bp marker, which is also detected by this hybridization (Fig. 5C ). In the Table 1 ). B) Stable expression of Tspo-EAS and detection of EAS-specific transcripts by RT-PCR using the primer Exon3-71bprR (NheI) and BGHR reverse. EAS, this MA-10 cell line overexpressed the partial antisense portion with overlap with the Tspo exon 3; ES, this MA-10 cell line overexpressed the partial sense portion corresponding with the overlapped NAT; V, this MA-10 cell line was transfected with vector alone; C, wild-type cell line as control. C and D) Absolute FAN AND PAPADOPOULOS hybridization patterns shown in Figure 5 , A-C, there are hybridization signals at larger MW, some of which form a clear band, indicating that long transcripts driven by either pol II or pol III are also present. However, we do not exclude the possibility that these may be due to cross hybridization between the probes with other copies of the SINE B2 elements or B2-containing transcripts. Nevertheless, we have amplified the B2-specific transcript by PCR and confirmed by sequencing that it overlaps with the Tspo exon 3 as shown above, indicating that one of these long transcripts must originate from Tspo-B2 and overlap with Tspo exon 3.
Stable Expression of SINE B2
To further evaluate the physiological role of the identified Tspo-NAT under overexpression conditions and also to avoid the bias that may be caused by the transient transfection efficiency, we established three stable MA-10 Leydig clonal cell lines, a cell model used to study the role of TSPO in cholesterol transport and steroid formation [32] , that overexpress the Tspo-EAS (pCMV-exon3-AS), Tspo-ES (pCMVexon3-S), or vector alone as a control (Fig. 6, A and B) . The choice to use the antisense and sense sequences was made based on the fact that only a portion of Tspo-NAT complementary to the target gene mRNA is believed to be responsible for targeting genes via simple mechanisms [33] [34] [35] . The up-regulation of Tspo was observed in the Tspo-ES cell line, whereas the down-regulation of Tspo was observed in the Tspo-EAS cell line (Fig. 6, C and D) . All of the data were validated using the relative standard curve method, wherein we mixed the three cDNA pools to generate standard curves as shown in Figure 6C . The same amount of total RNA was then used in subsequent real-time PCR analysis, followed by normalization of the data to that of the vector in the control cell line (Fig. 6D) . The up-regulation of Tspo is more significant than that of down-regulation, indicating that expression of endogenous Tspo-NAT is more likely acting as a repressor of endogenous Tspo. In addition, the degree of down-regulation of Tspo is comparable to those reported using either overexpression of antisense DNA or antisense oligodeoxynucleotides [36, 37] .
To determine the protein level of TSPO in these three stable cell lines, total protein was extracted from the cell samples and subjected to immunoblot analysis for TSPO and GAPDH (Fig.  6E) . The TSPO protein levels were normalized to the control following densitometric scanning of the blots (Fig. 6F) . The results indicate that changes in Tspo mRNA and protein levels are correlated positively. Similar results were observed when the mitochondrial voltage-dependent anion channel protein was used to normalize protein expression (data not shown). We then examined the functional consequences of this effect, where we treated the three cell lines with or without 1 mM dbcAMP or 20 lM hydrosoluble 22R-hydroxycholesterol, which bypasses the TSPO-mediated cholesterol transport mechanism and directly accesses the CYP11A1 enzyme in the inner mitochondrial membrane, where it is converted to pregnenolone. Media were collected from each cell line, and progesterone levels were determined by RIA (Fig. 6G) . The progesterone levels in the three cell lines are strongly linked to changes in the ability of cells to make steroids in response to dbcAMP, but not in response to 22R-hydroxycholesterol, which bypasses the need for cholesterol transport into mitochondria (Fig. 6G) .
Regulation of Tspo-NAT Expression by cAMP
To address whether cAMP, the second messenger of the gonadotropin luteinizing hormone, which stimulates Leydig cell steroidogenesis, regulates Tspo-NAT expression and how this regulation affects the expression of its target gene, Tspo, we performed a real-time PCR measurement of both Tspo and Tspo-NAT expression in a time course from 0 to 10 h. Treatment of MA-10 cells with 1 mM dbcAMP increases Tspo-NAT expression 1.6-fold over time in culture (Fig. 7A) . Star mRNA level also increased over time in culture in response to dbcAMP treatment. Immunoblot analysis at each corresponding time point showed a negative correlation for Tspo-NAT with the 18-kDa TSPO levels at the 2 and 6 h, but not at 10 h, time points, indicating that the Tspo-NAT regulates the level of TSPO protein, in addition to its RNA, at early times following cAMP treatment. Taken together, these results suggest that Tspo-NATs act as repressors to regulate the expression of endogenous Tspo such that it is expressed at levels commensurate with physiological requirements. We have termed this process micro-transcriptional regulation, which could be complementary to promoter-based gene regulation of Tspo transcription (Fig. 7B) .
DISCUSSION
Our results demonstrate the presence of seven SINE B2 elements in the Tspo locus, spanning the promoter and almost every intron. The insertion of these elements at intron 3 of Tspo has been proposed to be an ancient event that occurred prior to divergence of the rodent and primate lineages [8] . In comparing mouse and human sequences, such as erythropoietin genes, the prominent nonhomologous portions are due to the presence of SINE elements [38] . Although SINE B2 and human Alu have different phylogenetic origins, both share many similar features, e.g., efficiency of transposition in the genome by long interspersed nucleotide elements [39] , ability to bind to pol II to repress mRNA transcription in response to heat shock [40] [41] [42] [43] [44] , and inclusion of pol II regulation elements and/or binding sites [10, 45] . Thus, our study on SINE B2 in the regulation of mouse Tspo might shed light on the function of human Alu elements in TSPO gene expression and on gene expression in general.
3 quantification of Tspo after overexpression of the partial NATs overlapping with Tspo exon 3 by real-time PCR. Standard curve for Tspo (C) was generated using a cDNA mixture, and fold changes in Tspo (D) were measured using the relative standard curve method. **P , 0.01 (n ¼ 3). E) Western blot analysis of TSPO and GAPDH in the MA-10 cells stably expressing vector alone, Tspo-ES, or Tspo-EAS. F) Normalized densitometry measurement of TSPO protein from E. The density profile of each band was scanned with Scion Image (Scion Corp). Results shown are means of band intensity 6 SD. *P , 0.05 (n ¼ 3). G) Effect of TSPO protein and steroid synthesis in MA-10 cells by overexpression of Tspo-ES and Tspo-EAS. Cells stably expressing vector alone (filled with horizontally arranged short diagonal lines), Tspo-ES (black bars), and Tspo-EAS (filled with diagonal lines) were incubated in the presence or absence of 1 mM dbcAMP (cAMP) and 20 lM 22R-hydroxycholesterol. Progesterone was measured by RIA, and data were normalized to total protein concentration per well. Results shown are means 6 SD from three independent experiments (n ¼ 9). **P , 0.01 (n ¼ 3). TRANSCRIPTION FIG. 7 . Regulation of Tspo-NAT expression by cAMP. A) Time-dependent expression of Tspo and Tspo-NAT in response to dbcAMP-stimulation in MA-10 cells. The fold changes of Tspo mRNA and Tspo-NAT RNA levels were detected by real-time PCR, using mouse Hprt as a reference gene and then normalized to the control treatment (no dbcAMP) at the indicated time points. The effects of dbcAMP treatment on Tspo-NAT compared to the control were significant (P , 0.001) at all-time points tested. The effect of dbcAMP treatment on Tspo was significant (P , 0.01) at 6 and 10 h, compared to the respective controls. Results shown are means 6 SD from three independent experiments (n ¼ 3). Star mRNA expression, used as an indicator of cAMP treatment, is shown at the background as indicated in gray at the right y-axis. Below the graph, a representative immunoblot, from two independent experiments performed, shows the 18-kDa TSPO and 24-kDa HPRT control protein levels at each time point. B) Schematic representation of the likely mechanism of Tspo gene regulation by SINE B2-mediated NATs. The SINE B2-mediated NATs have potential to extend into exon 3 of the Tspo gene and regulate gene expression via the well-established antisense mechanism. Tspo gene regulation by SINE B2-mediated NATs in vivo is moderate and contributes to promoter-and transcription factor-driven gene regulation.
SINE B2-MEDIATED NAT REGULATES Tspo
FAN AND PAPADOPOULOS
The mobile pol II promoter activity of SINE B2 may shape the mouse genome in a different way than that of the Alu elements in the human genome. Both mammalian SINEs have been found to impact production of mRNAs at multiple levels [46] . Here we report for the first time that a SINE B2 element drives the expression of long transcripts, which serve as NATs to the adjacent exons of the target gene. Previous studies on SINE B2 elements have shown that they regulate the expression of transcripts longer than their own length, about 170 bp, as some SINE B2 elements were incorporated into portions of the long mRNAs and were involved in the formation of mRNA isoforms and/or truncations [47, 48] . Subsequently, it has been shown that SINE B2 elements provide an active, mobile RNA pol II promoter to drive an antisense transcript, forming a double-stranded RNA molecule with the transcript driven by pol III [10, 11] . Furthermore, SINE B2 elements within the growth hormone locus possess bidirectional promoter activity, which generates a pair of short SINE B2 double-stranded RNAs containing overlapping pol IIand pol III-driven transcripts and serving as a chromosomal domain boundary in organogenesis [11, 46] .
The studies presented here confirm that the tails of SINE B2 elements serve as NATs to target adjacent genes by down-regulating their transcription, thus attenuating any downstream biological functions, even though most of the B2-tails are involved in a mechanism of self-destruction via the formation of a stable stem-loop structure or doublestranded RNA (dsRNA), which directs gene-specific, posttranscriptional silencing or RNA interference in many organisms [49] . Unbalancing of these B2-AS/S transcripts could lead to abnormality of Tspo expression, which has actually been observed in several disease states, such as cancer and neurodegenerative disorders [2, 50] . The presence of the Tspo-NATs was demonstrated by strand-specific RT-PCR and small RNA Northern blot, and it was further confirmed by 454 sequencing. Among these methods, RT-PCR and Northern blot identified the Tspo-NATs of molecular size of over 575 bp extending into exon 3 of the Tspo gene. Due to technical limitations of the 454 FLX Titanium methodology [51] , 454 sequencing identified the Tspo-NAT in the expected average read length of about 400 nt. At present, we do not know the significance of this observation on B2-NAT function in general. A recent report demonstrated that the balanced expression of B2/B2/Alu elements was associated with age-related macular degeneration because of Alu RNA toxicity from DICER1 deficiency [52] . In our case, this was proven for mitochondrial TSPO, a protein important in steroid biosynthesis. The micro-transcriptional regulation of Tspo by Tspo-NAT might be essential to maintain the physiological levels of TSPO needed to mediate cholesterol transport into mitochondria and subsequent steroid formation, the rate-limiting step in steroid biosynthesis [1, 32] . Steroids are derived from cholesterol through a series of steps, including cholesterol transfer from intracellular stores into mitochondria and a number of enzymatic reactions occurring in the mitochondria and endoplasmic reticulum. Steroid synthesis by Leydig cells in the testis is controlled by the gonadotropin luteinizing hormone that acts via the second messenger cAMP, which activates cholesterol transport from the cytosol to the inner mitochondrial membrane. Interestingly, cAMP was found to induce Tspo-NAT levels in MA-10 cells over time in culture. This induction in Tspo-NAT levels likely led to the reduction of Tspo mRNA levels, suggesting that this RNA could regulate the expression of endogenous Tspo and the ultimate function of the protein. Indeed, cAMP treatment of MA-10 cells for up to 6 h induced changes of Tspo-NAT levels that resulted in changes in the 18-kDa TSPO levels. For longer periods of treatment with cAMP, the control of TSPO expression by Tspo-NAT seems to have been lost or overtaken by other factors, most likely due to additional cAMP-dependent mechanisms of transcriptional regulation intervening over time. In support of these findings, it has been shown that 6-h treatment with cAMP is a turning point in the regulation of gene expression [53] .
TSPO, an outer mitochondrial protein with high affinity for cholesterol, takes up free cholesterol from a cytosolic donor and transfers it into the inner mitochondrial membrane, most likely through mitochondrial outer/inner membrane contact sites [1, 54] . This process was found to be common to all steroid-synthesizing cells in gonad, adrenal, placental, and brain tissue and mediated both constitutive and hormoneinduced steroid formation [1, 55] .
Our results also provide new insight regarding the transcriptional regulation of Tspo by intronic elements. Intron-mediated enhancement was reported in the 1990s and refers to the ability of an intronic sequence to enhance the expression of a gene containing that intron [56] [57] [58] . The Tspo-NAT within intron 3 plays a role as a repressor of Tspo expression. Furthermore, our data suggest that the microtranscriptional regulation of Tspo via Tspo-NAT maintains a certain expression level to meet physiological requirements, functioning as a mechanism complementary to traditional, promoter-based Tspo transcriptional control (Fig. 4B ). These observations are in agreement with the emerging hypothesis that the gene regulatory machinery is interconnected with the various short RNAs present in the cell, acting to fine-tune the protein-coding transcriptome [59] .
In conclusion, the data presented herein show that seven SINE B2 elements reside at the Tspo locus, where one element adjacent to intron 3 drives expression of a long pol IIdependent transcript that overlaps with exon 3 to function as a NAT directly targeting Tspo mRNA. Shorter Tspo-NATs terminate in a mechanism of self-destruction. Overexpression of the Tspo-NAT down-regulates target gene transcription and protein levels and inhibits its biological function in steroidogenesis, indicating the presence of intron-mediated gene expression attenuation. Given that the mouse genome contains 8-12 3 10 4 copies of SINE B2 elements [23, 24] , it is likely our study has genome-wide implications for the regulation of gene transcription.
